Background and objectives AKI in critically ill patients is usually part of multiorgan failure. However, nonrenal organ failure may not always precede AKI and patients without evidence of these organ failures may not be at low risk for AKI. This study examined the risk and outcomes associated with AKI in critically ill patients with and without cardiovascular or respiratory organ failures at presentation to the intensive care unit (ICU).
Introduction
We previously reported that one third of patients hospitalized for community-acquired pneumonia develop AKI and have significantly lower 1-year survival compared with those that do not (1) . Furthermore, we found that AKI was common even in patients outside the intensive care unit (ICU) or with nonsevere pneumonia (1) . Indeed, although critical illness is a major predisposing factor for AKI, AKI may manifest before other organ failures. Patients without other organ failures, especially those without respiratory or cardiovascular dysfunction, are often less critically ill and therefore assumed to be less likely to develop AKI. Such patients are judged to be at lower risk for developing AKI and are less likely to receive recommended interventions for high-risk patients such as avoidance of unnecessary nephrotoxic drugs and radiocontrast, close monitoring of serum creatinine and urine output and assessment of fluid status (2) . The National Health Service in the United Kingdom has systematically assessed the care and outcomes for patients with AKI, and found that inadequate riskassessment is common and is associated with delays in treatment and investigators even judged some cases to have been avoidable altogether (3) .
However, the consequences of AKI in lower risk ICU patients are not well understood and may not be as significant as in high-risk patients. Patients with sepsis and single-organ failure have far better outcomes compared with patients with multiple organ dysfunction (4) . Therefore if the effect of AKI on lower risk patients is relatively low, quality improvement efforts might be better allocated to sicker patients. Because cardiovascular and respiratory organ failures are common in the context of systemic illnesses that also cause AKI (e.g., sepsis, polytrauma), we sought to examine the risk of AKI and the outcomes associated with AKI in patients with and without these organ failures. We also compared susceptibilities and exposures between patients in low-and high-risk categories.
Materials and Methods

Source Population
The High-Density Intensive Care (HiDenIC-8) database includes data on a source population of 45,655 adult patients admitted to one of eight ICUs (i.e., medical, cardiac, transplant, surgical, neurologic, and trauma) within a single academic medical center (University of Pittsburgh Medical Center [UPMC], Pittsburgh, PA) during an 8-year period (July 2000 through October 2008). For this study, we applied the following exclusion criteria: (1) hemodialysis or renal transplant before hospitalization (n=3762), (2) known baseline creatinine $4 (n=105), (3) insufficient information to determine AKI (n=604), and (4) stage 2 or stage 3 AKI before being admitted to ICU (n=1032). The remaining 40,152 patients comprised the study cohort (Figure 1 ).
Data Collection
After obtaining institutional review board approval, we deidentified data using an honest broker. We obtained data from several computerized databases. Data on all patients admitted to an ICU at UPMC from 2000 to 2008 are contained in the HiDenIC-8 database, which merges data from several sources (5) containing demographics, diagnosis, billing codes, laboratory results, surgical procedures, and various text elements including reports, clinical notes, and discharge summaries. These data were combined with data from the Eclypsis database, the backbone of the inpatient electronic health record, which includes ICU patients' physiology information including BP, respiration rate, temperature, heart rate, medications, fluids, mechanical ventilation, feeding, oxygen, details of RRT, and transfusions. The honest broker also obtained information from the US Renal Data System and the National Death Index and merged these results with the HiDenIC-8 database before deidentification.
Study Cohorts
We stratified patients into two cohorts: those with cardiovascular or respiratory organ failures in the first 24 hours of ICU admission (high risk) and those without (low risk). We defined cardiovascular and respiratory organ failures as receiving vasopressor support or mechanical ventilation. These levels of organ dysfunction correspond to a SepsisRelated Organ Failure Assessment score of $2 for cardiovascular and $3 for respiratory (4) . We further subdivided the low-risk patients that developed AKI into those that developed AKI after the start of mechanical ventilation or vasopressor support and those that developed AKI before or without these other organ failures. Comorbid conditions were determined by International Classification of Diseases, Ninth Revision (ICD-9) codes. We designated patients as surgical or medical based on the diagnosisrelated group at hospital admission. The acute physiology score (APS-III) was computed from electronic abstraction of all physiologic variables comprising the Acute Physiologic and Chronic Health Evaluation (APACHE) III score as described (6) . Because sepsis is underreported with ICD-9 codes, we defined "suspected sepsis" as the ordering of blood cultures and antibiotics within 24 hours of each other, as defined previously (7) . To quantify the severity of hypotension, we calculated a hypotensive index that integrates the duration and depth of systolic BP,90 in the first 24 hours (Hi24) (area under the curve) after ICU admission.
Baseline, admission, and reference serum creatinine were determined as previously described (8, 9) . We defined baseline creatinine as the lowest value of (1) the most recent prehospital creatinine value up to 1 year before the index hospital admission and (2) creatinine recorded in the first 24 hours of hospital admission. Admission creatinine was the creatinine recorded in the first 24 hours of hospital admission. Reference creatinine was the baseline creatinine when available, otherwise the lowest between (1) admission creatinine, (2) creatinine in the first 24 hours of ICU, and (3) (for patients without history of CKD) creatinine derived from the Modification of Diet in Renal Disease equation using a GFR of 75 ml/min per 1.73 m 2 . In order to classify drugs as nephrotoxins, four drug information sources were reviewed. A drug was considered a "known" nephrotoxin if at least three of the drug information sources listed the drug as a nephrotoxin (10) (11) (12) (13) .
AKI Classification
Patients were classified according to the maximum Kidney Disease Improving Global Outcomes (KDIGO) criteria (2) met in the first 7 days after ICU admission. Any patient meeting the criteria for moderate to severe AKI (stages 2-3), either based on serum creatinine or on urine output, was considered to have AKI. Among those who required acute dialysis, only patients who reached stage 2 creatinine or urine output criteria before dialysis initiation were classified as having moderate to severe AKI.
Susceptibilities and Exposures
We reviewed the literature to identify risk factors for AKI and a recent meta-analysis of 31 observational studies in critically ill patients was used as a source of data on susceptibilities and exposures (14) . We considered the following susceptibilities: age, sex, race, body mass index, comorbid conditions (i.e., diabetes, cardiac disease, chronic renal disease, hypertension), and eGFR; and exposures within 24 hours of ICU admission, including admission type (medical versus surgical), APS-III score, hypotension, suspected sepsis, and nephrotoxic drug use.
Outcome Assessment
Patient outcomes included ICU length of stay (LOS), hospital LOS, hospital mortality, and mortality at 30, 90, and 365 days from ICU admission.
Statistical Analyses
Statistical analyses were performed using STATA software (version SE 11.2), with statistical significance set at P value ,0.05. Graphs were created using the R package 'survival' (version 2.37-7). Categorical variables were summarized as n (percentage) and continuous variables were summarized as mean (SD) if normally distributed and using the median6interquartile range if skewed. To determine whether the risk factors associated with AKI were the same between the high-risk and low-risk groups, we conducted multivariable logistic regression for each group. All variables were retained in the model regardless of significance level. To determine whether there was a difference in the magnitude of association between AKI and hospital mortality between the low-and high-risk groups, we conducted multivariable logistic regression and adjusted for several risk factors. We used Cox proportional hazards model to graphically describe the ageadjusted survival at 1 year after ICU admission by (1) no AKI/AKI classification and (2) KDIGO stage.
Results
Baseline Characteristics
Of the 40,152 patients meeting the inclusion criteria, 44.9% received neither mechanical ventilation nor vasopressor support within 24 hours of ICU admission (low-risk group). Fifteen percent of low-risk patients ultimately received mechanical ventilation or vasopressor support (after day 1).
Baseline characteristics for low-risk and high-risk groups are shown in Table 1 . Female sex, diabetes, heart failure, history of chronic renal disease, history of hypertension, and medical admission were more common in the low-risk group (P#0.001). However, absolute differences were very small except medical admission. Severity of hypotension, sepsis, and RRT use were significantly greater in the high-risk patients (P,0.001). There was no difference in reference eGFR between groups (P=0.11).
Development of AKI
Moderate to severe (KDIGO stages 2-3) AKI occurred less frequently in the low-risk patients versus high-risk patients within 24 hours (14.3% versus 29.1%) and within 1 week (25.7% versus 51.7%) of ICU admission. Baseline characteristics of patients with and without AKI in the lowrisk and high-risk groups are shown in Tables 2 and 3 . Increased age and body mass index, presence of hypotension, sepsis, various comorbidities, and decreased reference eGFR were all associated with AKI in both low-risk and high-risk groups. Surgical patients were at decreased risk in patients with respiratory or cardiovascular organ failures, whereas no such relationship was observed in the low-risk group. In Table 4 we present the results of two multivariable regression models of risk factors for AKI in low-risk and high-risk patients. Overall, risk factors and the size of effects are very similar between groups. Furthermore, we found several statistically significant interactions between risk group and the considered risk factors (Supplemental Table 1 ).
Survival
In both low-and high-risk patients, after adjusting for age, those developing AKI had increased risk of death by hospital discharge and by 30, 90, and 365 days compared with those not developing AKI ( Figure 2 , Table 5 ). Overall, as expected, survival was better in low-risk compared with high-risk patients (Table 5) ; death by hospital discharge and 1 year was 6.6% and 20.5% for low-risk patients compared with 18.1% and 30.9% for high-risk patients (P,0.001). However, for low-risk patients developing AKI any time in the first week after ICU admission, mortality at hospital discharge was 15.3% compared with 3.6% for those without AKI. For high-risk patients, mortality at hospital discharge was 23.9% for those developing AKI versus 11.9% for those who did not. Thus, mortality rates increase 4-fold with AKI in low-risk patients (crude relative risk, 4.3; 95% confidence interval, 3.8 to 4.8) but only double in high-risk patients (crude relative risk, 2; 95% confidence interval, 1.9 to 2.1). Differences in relative risks for mortality persist at 30 days (3.2 versus 1.9) but attenuate by 1 year (2.1 versus 1.8). Additional survival data (stratified by KDIGO stage) are provided in Supplemental Figure 1 . Although the 1-year age-adjusted survival for low-risk patients with AKI was better than for high-risk patients with AKI (Figure 2) , the adjusted odds of hospital mortality associated with AKI was actually greater for low-risk patients (odds ratio, 2.99; 95% confidence interval, 2.62 to 3.41) than for those with respiratory or cardiovascular failures (odds ratio, 1.19; 95% confidence interval, 1.09 to 1.3). After adjusting for multiple risk factors, there was strong evidence of a difference in effect of AKI on hospital mortality (based on association) between lowrisk and high-risk patients (P,0.001 for the interaction) ( Table 6 ).
LOS
Additional outcomes are reported in Table 5 . Although the overall median hospital LOS was 4 days shorter in the low-risk group, the development of AKI was associated with roughly a 2-fold increase in ICU and hospital LOS in both low-and high-risk patients.
Timing of AKI in Relation to Other Organ Failures
Although AKI, when it occurred, occurred after (or on the same day) as provision of mechanical ventilation or vasopressors in all high-risk patients, only 5.7% of low-risk patients received these therapies before AKI (after ICU day 1). Characteristics of these patients are provided in Supplemental Table 2 . Indeed, 64.4% of low-risk patients developing AKI never received mechanical ventilation or vasopressors.
Discussion
Very little is known about the susceptibilities and consequences of AKI in ICU patients without other organ failures present at the time of ICU admission. Prior studies have shown that most AKI in critically ill patients occurs in the setting of multiorgan failure (15) and thus, most efforts to understand and prevent AKI in critically ill individuals have focused on high-risk ICU patients, typically those with multiorgan failure. Although this approach will identify the majority of patients developing AKI, it has two important shortcomings. First, patients with isolated AKI or those with AKI as the first organ failure may be more amenable to therapy. Although multiorgan failure has been the focus of intense research for .30 years, no approved therapies exist. By contrast, isolated AKI might be more likely to be due to more specific and treatable conditions. Second, AKI is sometimes the first manifestation of multiorgan failure and focusing only on patients with established organ failures involving systems other than the kidney will automatically result in late detection of AKI in these patients. Indeed, we note that traditional study designs for sepsis specify enrollment of patients already manifesting organ failures and indeed would exclude many patients with impending AKI (1).
Similar limitations can be seen in studies evaluating novel biomarkers for AKI that have specifically focused on highrisk patients (16) . Ironically, although many more events will be seen in high-risk patients, our data suggest that the relative effect of AKI on survival is actually greatest in low-risk patients. Indeed, the absolute increase in risk of death is almost identical in both groups. Patients without other organ failures, by virtue of their lower clinical complexity, may be easier to prevent from developing AKI in the first place. This leads to the supposition that efforts to curtail AKI in critically ill patients might be more effective if applied to low-risk patients, or at least that low-risk patients should Data are presented as n (%) or median (Q1-Q3) unless otherwise indicated. BMI, body mass index; APS-III, acute physiology score; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ICU, intensive care unit. a Missing values for age (11 patients) and sex (1 patient); otherwise the n for each variable is provided in parentheses. b P value for the comparison of AKI2 and AKI+. c Measured within 24 hours after ICU admission. d Area under the curve for severity and duration of hypotension (see the Materials and Methods).
not be excluded. It is further notable that both ICU and hospital LOS is approximately double in AKI-positive compared with AKI-negative patients regardless of risk group. To our surprise, patients developing AKI in low-and high-risk groups had very similar exposures and susceptibilities (Tables 2 and 3 ). Obviously respiratory failure and circulatory shock were present only in high-risk patients (by definition), but other risk factors appeared very similar across both groups. To our knowledge, this is the first large-scale investigation of AKI events and outcomes in low-risk ICU patients. We have previously shown that patients with low-risk community-acquired pneumonia, including those not admitted to ICU, are still at high risk for AKI and the association with decreased survival is quite dramatic (1). In addition, Joannidis and Metnitz reported that AKI contributed more to mortality in patients with lower baseline severity of illness (17) . Indeed, these prior findings agree well with our current results.
Our study also demonstrates that the severity of AKI is a better determinant of long-term outcomes than the initial organ (cardiovascular and respiratory) failure for high-risk patients. Both the low-and high-risk groups that develop AKI have mortality rates between 34% and 39% at 1 year. These findings suggest that significant efforts should be made to prevent any patient, irrespective of risk, from developing AKI or for patients with mild AKI (stage 1), from progressing in AKI severity. The KDIGO guidelines provide recommendations for management of high-risk patients and those with mild AKI such as removing nephrotoxic drugs, avoiding contrast-related procedures, and monitoring serum creatinine and urine output (2) . Our results suggest that patients with presumed sepsis, advanced age, and underlying renal dysfunction are at increased risk for AKI whether or not they have other organ failures at the time of ICU admission. Although proper management of AKI will improve outcomes for both low-and high-risk patients, there may be additional benefit to low-risk patients because their short-term outcomes (hospital mortality and mortality at 30 days from ICU) are more significantly impacted by AKI. This also emphasizes the need for care after ICU discharge, in an attempt to improve patient outcomes and assess for potential recovery of renal function. Unfortunately, clinical follow-up for AKI survivors is low (18) . Opportunities for improvement in patient care exist with identification and management of low-and high-risk AKI patients. Automated clinical surveillance systems are effective for a variety of clinical conditions including the identification of sepsis (19) , adverse drug reactions (20, 21) , and more recently, AKI (22, 23) . These surveillance systems have assisted with faster identification of events compared with usual care that has been shown to improve shortterm progression of AKI severity (22, 24, 25) . Future studies are needed to determine the effect of clinical surveillance systems used to detect AKI on long-term recovery of renal function, as well as how these systems can be further refined to enhance the detection and management of AKI. Our study has limitations. Although we examined a very large cohort, the patients are all from a single medical center (although it includes multiple ICUs in different hospitals). Because this is the first investigation of its kind, it is difficult to know how generalizable our results will be. However, the close agreement with our prior work in patients with pneumonia (1) enrolled from 28 different sites gives some confidence that our results are not unique to this medical center. Our overall event rates and outcomes agree well with recent epidemiologic studies of AKI from around the world (26) (27) (28) . In addition, because many low-risk patients may not be admitted to the ICU, our study could apply to a wider group of patients than we reported on. Second, as a practical matter for analysis, we chose to dichotomize AKI rather than consider all three stages. Our choice to consider only moderate to severe AKI (KDIGO stages 2-3) as events and lump stage 1 AKI together with no AKI is arguable. We note that although many studies have demonstrated the importance of even mild fluctuations in renal function (1, 8, 26) , the most consistent relationships with adverse outcomes are seen with more severe disease (8, 29) . Indeed, some data suggest that some patients without clinical evidence for AKI may still have subclinical injury as detected by biomarkers and supported by changes in long-term outcomes including death and dialysis (30) . As a sensitivity analysis, we examined all stages of AKI in both low-and high-risk patients (Supplemental Figure 1 ) and our primary conclusions remain unchanged.
In conclusion, ICU patients without respiratory failure or circulatory shock may well be at low risk for AKI. However, when these patients develop AKI, a nearly identical effect on hospital and ICU LOS is observed and the relative changes in mortality associated with AKI are actually greater in this population. Quality improvement and future studies of AKI should not exclude low-risk ICU patients without careful consideration.
